cies of these events has generally been very low. Here we address this question, taking advantage of properties unique to muscle as well as a genetic marker of transplanted BMDC, GFP, to track their fate following lethal irradiation and reconstitution of the blood. al., 1999). Although tissue-specific stem cells reside These results suggest that two temporally distinct inwithin a niche, not all niches are readily accessible and jury-related signals first induce BMDC to occupy the may therefore be difficult to study. By contrast, the musmuscle stem cell niche and then to help regenerate cle satellite cell is a particularly attractive choice for mature muscle fibers. The stress-induced progression addressing the hypothesis that bone marrow-derived of BMDC to muscle satellite cell to muscle fiber results regeneration of nonhematopoietic tissues occurs as a in a contribution to as many as 3.5% of muscle fibers progression through a tissue-specific stem cell. As a and is due to developmental plasticity in response to result, muscle stem cells, known as satellite cells, are environmental cues. 
Figure 1. Characterization of Muscle Satellite Cells, Tissue-Specific Stem Cells, on Isolated Single Myofibers
Shown here are representative samples from five experiments. 3D reconstructions were compiled from 20 optical sections of single myofibers collected with a laser scanning confocal microscope. A subset of the total satellite cells are indicated in this field by arrows to demonstrate that satellite cells are circumscribed by ␣7-integrin on the membrane (C) that surrounds ToPro-stained nuclei (B), on which the tyrosine kinase receptor cMet-R is evident (A), as shown in the merged image (D). Together, these markers outline a discrete boundary between the musclespecific stem cells (satellite cells) juxtaposed to each myofiber. ␣7-integrin is present on satellite cell and myofiber membranes showing the relationship of the two compartments, whereas cMet-R is specific to satellite cell membranes. In another 3D reconstruction, a satellite cell nucleus in this field (arrow) (F) is expressing the transcription factor Myf-5 (E) and ␣7-integrin (G) as shown in the merged image (H). A single 1.5 m optical section shows cMet-R (I) circumscribing the nucleus (J) of a satellite cell (arrow) clearly surrounded by ␣7-integrin (K), with the merged image (L) demonstrating a clear boundary between satellite cell and myofiber. A second 1.5 m optical section shows a different satellite cell (arrow) staining for Myf-5 (M), with nucleus (N), ␣7-integrin (O), and the merged image (P). Bar represents 10 m. In (A), (B), (E), and (F), the muscle fiber is shown in dark gray for context. functionally, and that these cells can proliferate as myoeach myofiber (Mauro, 1961) . To avoid analyzing hunblasts and participate in normal regenerative processes dreds of transverse sections of muscle tissue, we isoin response to two temporally distinct injuries. lated intact single muscle fibers on which the closely juxtaposed satellite cells can be readily visualized in tissue culture. To isolate individual fibers, the tibialis Results anterior muscle (TA) from the legs of mice was dissociated and the single fibers isolated with a Pasteur pipette Characterization of Muscle Stem Cells, following trituration. Isolated fibers were then cultured the Satellite Cells overnight, a time period that allowed activation of the Muscle stem cells, or satellite cells, are particularly well transcription factor Myf-5, yet did not induce proliferasuited to address the question of whether bone marrowtion of satellite cells or their migration from the fiber derived stem cells (BMDC) can give rise to tissue-spe- (Rosenblatt et al., 1995) . Either individual thin optical cific stem cells en route to participating in mature tissue.
sections or three-dimensional (3D) reconstructions of Unlike most tissue-specific stem cells that are difficult serial optical sections of these fibers were analyzed to identify, muscle stem cells, or satellite cells, can be using a laser scanning confocal microscope and antireliably identified based on their highly specific location bodies to characteristic proteins. This rigorous analytic and morphology. Satellite cells can be visualized by method ensures that the colocalization of markers repmicroscopy as mononucleate cells located between the plasma membrane and the basal lamina that ensheathes resents true coexpression of different proteins within Figures 1E-1H and 1M-1P) , here, the membrane protein, ␣7-integrin, serves as a useful adjunct to the routinely used cMet-R and Myf-5, the earliest expressed of a family of bHLH transcription factors in muscle, a factor critical to initiating the myoas it allows visualization of satellite cells in the context of intact individually isolated myofibers. genic program in satellite cells (Cossu et al., 1996) . The other two show cMet-R ( Figures 1A-1D and 1I-1L (Figures 3B-3E showing that the cells had contributed to intact fibers functions characteristic of muscle stem cells. They are diploid and assume an anatomical position either in isosimilar to their unlabeled neighbors ( Figures 4P-4R) .
In summary, these results show that BMDC can adopt lated fibers or in fibers in intact muscle tissues consis-tent with satellite cells. They grow as clones expressing markers were similar to wild-type satellite cells and greater than 88% of the GFP(ϩ) cells expressed one or myogenic markers, showing that their change in gene expression is heritable. When exposed to low-mitogen more markers (Table 2 ). These data show that the majority of the GFP(ϩ) cells that migrate from isolated intact medium, they fuse like cloned primary myoblasts in tissue culture and when injected into muscle in mice, they fibers are myogenic and that their frequency of myogenic marker expression is on a par with nontransare incorporated into myofibers. Thus, by all of these criteria they can be considered muscle-specific stem planted controls. cells, or satellite cells. Table 1B ). The number of fields and total counted from a total of 93 muscle fibers of similar length muscle fibers scored 2, 4, and 6 months posttransplant (1600 Ϯ 60 m, p Ͼ 0.5) isolated from the dissociated are shown in Table 1B and no significant difference was TA muscles of six mice. Isolated fibers from both right observed over time ( Figure 5F ). Taken together, these (irradiated) and left (nonirradiated control) legs of each data suggest that a certain proportion of the satellite cell mouse were analyzed. These single fibers were cultured pool is regenerated within a short time period following in individual wells for 48-60 hr in conditions that permit irradiation treatment, and that the GFP(ϩ) marrowmigration of satellite cells away from the fiber yet miniderived satellite cells, like endogenous satellite cells, mize proliferation (Rosenblatt et al., 1995) . The results occupy this niche and persist over time in a quiescent of these studies showed that by comparison with nonirstate with minimal contribution to muscle fibers. radiated control legs (0 Gy), a marked decline in the number of satellite cells per fiber, from 33 Ϯ 5 to 11 Ϯ 1 and 6 Ϯ 1, was observed after exposure to 0 Gy, 9.6
Effect of Irradiation on GFP(ϩ) Muscle Fibers
Effect of Exercise-Induced Damage on GFP(ϩ) Satellite Cells Gy, and 18 Gy, respectively ( Figure 5A , Table 1A ). With 9.6 Gy the reduction in endogenous satellite cells per Continuous exercise is thought to cause damage to intracellular and membrane components of the muscle fiber approximated 80% when determined 2-6 months posttransplant ( Figure 5D , Table 1A) , and this value refibers due to the intense shearing forces. In response to cues resulting from muscle damage, wild-type monomained constant over time (p Ͼ 0.5) at 6.9 Ϯ 0.3 satellite cells per fiber.
nucleate satellite cells become mitotic, fuse into, and actively participate in the regeneration of the injured We then determined whether the marked depletion by irradiation of the endogenous satellite cells was suffimuscle tissue, resulting in hypertrophic multinucleate fibers. To determine whether marrow-derived GFP(ϩ) cient to open a niche that BMDC could enter. Wholebody irradiated and nonirradiated (control) GFP(ϩ) bone cells not only appeared to be satellite cells based on morphological criteria and their behavior in tissue culmarrow transplant recipients were sacrificed and compared 2 months posttransplant. Single fibers were isoture, we tested whether they could also function as satellite cells in response to exercise-induced damage. lated and cultured, and their associated satellite cells were counted as described above. In the absence of
The following experimental protocol was used. One week following a GFP(ϩ) bone marrow transplant, three irradiation, no GFP(ϩ) satellite cells were detected, whereas there were on average 0.37 Ϯ 0.1 GFP(ϩ) satelmice were given a running wheel to allow voluntary exercise and compared with three controls that did not exerlite cells per fiber; thus, 5% of the remaining satellite cells postirradiation were GFP(ϩ) satellite cells (Figure cise in this manner for a 6-month period. At the time of sacrifice, both TA muscles of each of the six mice were 5B and Table 1A ), a number that remained constant 2-6 months after transplantation (p Ͼ 0.5) ( Figure 5E , Table  dissected . From each mouse, one TA muscle was used to isolate single fibers, and the numbers of GFP(Ϫ) en-1A). The GFP(ϩ) and GFP(Ϫ) satellite cells that migrated from single isolated fibers were also characterized in dogenous satellite cells and GFP(ϩ) donor-derived satellite cells were quantified as described above. The other culture with respect to their expression of myogenic markers. Fibers from five bone marrow-transplanted TA muscle was fixed and crosssectioned to quantify fiber numbers in the muscle. GFP expression in a fiber and four wild-type control mice were assayed by immunocytochemistry for the muscle proteins cMet-R, Myf-5, served to indicate that bone marrow-derived GFP(ϩ) satellite cells had responded to signals released in reand ␣7-integrin. Frequency of expression of these three sponse to exercise-induced injury and regenerated myofibers after 6 months exposure to a running wheel damaged muscle fibers.
(from 0.16 to 3.52 GFP(ϩ) myofibers/100 myofibers).
Overall satellite cell numbers per fiber (GFP(ϩ) or
This contribution to muscle fibers of GFP(ϩ) satellite GFP(Ϫ)) did not change markedly in response to exercells was determined by scoring the number of GFP(ϩ) cise. Endogenous GFP(Ϫ) cells were reduced somewhat myofibers in transverse sections of the fixed TA muscle ( Figure 5G and Table 1A) , whereas a slight increase in ( Figure 5I and Table 1B ). The 20-fold difference reflects the number of GFP(ϩ) satellite cells per muscle fiber was the proportion of GFP(ϩ) myofibers in the group that observed following exercise ( Figure 5H and Table 1A) .
did not exercise relative to the group that did, 0.17% relative to 3.52% of total fibers analyzed (1165 and 1905 muscle fibers, respectively) (Table 1B) Figures 6B and 6C) , suggesting that bone marrow- Figure 5A ). b Whole-body irradiation plus bone marrow transplant (see Figures 5D and 5E ) and no irradiation plus bone marrow injection (see Figure 5B ). c Whole-body irradiation plus bone marrow transplant (see Figures 5G and 5H ). d Data were obtained by analysis of 6, 9, 6, 11, 6, and 9 fields, respectively, containing ‫002-081ف‬ fibers each. e Whole-body irradiation plus bone marrow transplant (see Figure 5F ) and no irradiation plus bone marrow injection (see Figure 5C ). f Indicates p Ͻ 0.1 relative to 2 months determined with a Student's t test. g Whole-body irradiation plus bone marrow transplant (see Figure 5I ). h Tibialis anterior of one of three animals was lost. I Indicates p Ͻ 0.02 relative to the exercised group determined with a Student's t test.
(A) BMDC (GFP(ϩ)) and endogenous (GFP(Ϫ)) satellite cells were counted after their migration off isolated muscle fibers. (B) GFP(ϩ) muscle fibers were counted in transverse sections of tibialis anterior muscle. a Only the right hind leg was exposed to irradation (see
derived regeneration may have originated from single be dissociated using two different sequential damageinducing treatments. satellite cell clones (Hughes and Blau, 1990). A 3D reconstruction of a GFP(ϩ) satellite cell expressing Myf-5 juxtaposed to a GFP(ϩ) muscle fiber isolated from one Discussion of the exercised mice is shown in Figures 6D-6G . For comparison, in the same field are three nuclei from a
Biological Progression in Response to Temporally Distinct Injury-Induced Signals nearby myofiber that is not GFP(ϩ).
In summary, these data show that irradiation has a By separating the transit from blood to muscle into two phases, we were able to provide evidence that the conmajor impact on the incorporation of GFP(ϩ) marrow derived cells into the satellite cell (stem cell) comparttribution of cells within bone marrow to a specialized nonhematopoietic tissue follows a biological progresment, whereas exercise has a major impact on the incorporation of these cells into muscle fibers. Moreover, sion in response to biological stimuli. We first showed that genetically marked GFP(ϩ) bone marrow-derived contribution of bone marrow cells to these two steps in the biological progression typical of muscle can cells (BMDC) occupy the muscle-specific stem cell niche . Although such studies are not easy, due to these properties of muscle, we were cells, which morphologically and biochemically appear to be satellite cells, also appear to function as satellite able to monitor the sequential effects of two distinct damage-inducing procedures and temporally dissociate cells, presumably undergoing sequential asymmetric divisions as they participate in the regeneration of dam-BMDC conversion to mononucleate satellite cells from their subsequent contribution to multinucleate myofibaged muscle fibers over time. Moreover, these findings provide evidence that the contribution of bone marrow ers. Taken together, these results suggest that BMDC may constitute a previously unrecognized reservoir of cells to muscle is not a random low-frequency event, as it reaches 3.5% under selective pressure of exercisecells that is capable of contributing to a tissue-specific stem cell pool, thereby serving as an alternative or backinduced damage over a period of only 6 months. The increase observed is more than one order of magnitude up source of cells for repairing damaged adult tissues.
Bone Marrow Cell Conversion to Muscle
Stem which the cells were primarily attaching to the dishes following tissue dissociation, karyotypes were analyzed.
Cells Is Heritable
If BMDC give rise to muscle-specific stem cells, or satel-A metaphase chromosome complement of 40, or 2N, was observed in 98% of cells, on a par with wild-type lite cells, they should be heritably altered. Clones derived from single BMDC that are GFP(ϩ) would be excontrols ( Figures 4B and 4C ). These data suggest that instead of fusion, the change in gene expression obpected to express muscle-specific proteins in vivo and in vitro and be capable of self-renewal and differentiaserved in BMDC satellite cells is due to the microenvironment of the niche they occupy, which reveals their inhertion in tissue culture as well as following injection into muscle tissues of mice. As shown in this report, these ent plasticity. characteristics are true of the BMDC satellite cells analyzed here. Depletion of the endogenous satellite cells Summary by irradiation leads to an unoccupied niche. The micro-
The data presented here suggest that the frequency of environment of that niche that normally supports and conversion of BMDC to a tissue-specific cell type is low maintains the endogenous muscle stem cells (satellite unless damage to the tissue occurs. In the absence of cells) can exert similar effects on BMDC that enter that damage, the contribution of bone marrow to tissue is a niche. These cells remain quiescent until induced to rare, but detectable, event ( through. When each well contained one fiber, the plates were placed in a humidified 37ЊC incubator for 10 min to allow adhesion to the substratum, then 0.5 ml of DMEM/10% HS/0.5% chick embryo extract Exercise Regimen To determine the effect of exercise-induced damage on donorwas added very slowly. Fibers were cultured in a humidified, 37ЊC, 5% CO 2 chamber for 48-60 hr, and satellite cells crawled off the derived and endogenous satellite cells, GFP(ϩ) bone marrow transplant recipients were placed in cages with running wheels 1 week fiber and attached to the matrix. Typically, using this procedure we isolated 12-24 surviving fibers 1-3 mm in length per tibialis anterior. after transplantation. They remained in their "enriched environments" for a period of 6 months until they were sacrificed for analy-GFP(ϩ) and GFP(Ϫ) satellite cells were counted on an inverted stage fluorescent microscope (Zeiss LSM510). Samples were also obsis. Littermate controls were maintained as usual in a healthy but nonstimulating environment. tained in DMEM/5% Matrigel-coated 4-well chamber slides (Beckton-Dickinson) that were subsequently stained with antibodies against c-MetR (Santa Cruz), Myf-5 (Santa Cruz), F4/80 (Caltag), and Myoblast Isolation and Cell Culture ␣7-integrin (Sierra Biosource) to confirm the identity of the migrating Primary cultures were prepared from muscle slurry according to satellite cells as described in the following section.
Rando and Blau (1994). After 9 days of expansion in F-10/20% FBS/ To determine the effects of 9.6 Gy and 18 Gy of ␥ irradiation on bFGF (20 ng/ml) (Promega), cells were released from the collagenthe endogenous satellite cell niche, mice were anesthetized with IP coated plate with PBS/0.1 mM EDTA and passed through a 70 m Nembutal (50 mg/kg) and irradiated inside a lead jig that exposed mesh strainer. After a centrifugation step, cells were stained with the right leg and protected the rest of the body. Three weeks postiran antibody to ␣7-integrin and then double sorted for GFP and ␣7-radiation, the animals were sacrificed (n ϭ 3 per radiation level) and integrin expression. Cells were sorted twice using these two markers about 12-20 muscle fibers of similar lengths were isolated from the to reduce the frequency of error to 0.0001 (Moflo, Cytomations). tibialis anterior of the right and left legs to facilitate satellite cell Cells were then replated at clonal density by limiting dilution into counting (left leg served as the nonirradiated control). DMEM/5% Matrigel (Beckton-Dickinson)-rinsed 96-well plates, grown into individual colonies and then switched into DMEM/2% HS for more than 7 days to induce differentiation. Differentiated Immunofluorescence of Isolated Myofibers myotubes, pooled populations, or myoblast colonies were fixed with Muscle fibers were isolated from bone marrow transplant recipients 4% paraformaldehyde for 5 min at room temperature, blocked, and and littermate controls, as above, and added to poly-L-lysinestained with anti-GFP (1:1000, Molecular Probes), anti-Desmin treated chamber slides (Beckton-Dickinson) that were also coated (1:400, Chemicon), and Alexa 488 or Alexa 594 (Molecular Probes), with DMEM/10% Matrigel, and incubated in a humidified 37ЊC incurespectively, -conjugated secondary antibodies (Molecular Probes) bator for 2 hr to allow adhesion to the substratum. Each well was and Hoechst 3342 DNA stain (1:1000, Sigma). then carefully filled to maximum capacity (about 2 ml) with 4% EM grade paraformaldehyde (Polysciences) for 5 min at 37ЊC. Samples were blocked for 2 hr at room temperature in PBS/20% normal Cytology Cells were harvested from bone marrow transplant crude preparagoat serum ( 
